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CONTEMPORARY TI

Based on morphology and function:

- Continual, avascular layers of cells with different
| functions, oriented to open space, with specific
junctions and minimum of ECM and intercellular
space.

Derivates of all three germ layers

Epithelium

Cytoskeleton - contraction

Mesoderm - skeletal muscle, myocard, mesenchyme
= — smooth muscles

- Rarely ectoderm (eg. m. sphincter a m. dilatator pupillae)

Muscle

Neurons and neuroglia
Reception and transmission of electric signals
Ectoderm, rarely mesoderm (microglia)

Nerve

. Dominant extracellular matrix
Connective tissue, cartilage, bone...
Mesenchyme

Connective




GENERAL CHA

Hallmarks

= Unique cell architecture

= Excitability and contraction
» Mesodermal origin

= T EEELI L] l.” ||I:i.|;

Jeakpeil A 1|:!‘5'.‘||!i".:

riated skeletal

Fhidihiz
# 1ELE CC TR,

i ity

) 1 i.rf Hjl
il

T SR

1”!'1'4" =i |

T :'i:li.::i_ﬂmi i
bl -jii'.rull i




MUSCLE TISSUE

STRIATED SKELETAL
MUSCLE TISSUE



HISTOLOGY OF SKEL

— Composition: muscle cells + connective tissue, blood vessels

— Unique cell architecture — long multinuclear cells — muscle fibers
(rhabdomyocytes)

— Long axis of cells is oriented parallel with direction of contraction

— Specific terminology:
e cell membrane = sarcolemma
e cytoplasm = sarcoplasm
e sER =sarcoplasmic reticulum

e Muscle fiber — microscopic unit of skeletal muscle
e Myofibril = LM unit — myofilaments — unit of muscle fibers
e Myofilaments — filaments of actin and myosin (EM)



STRUCTURE O

Epimysium
Endomysium
{between

Ee— Muscle fiber
{cell)

(@) FPerimysium
Blood Endomysium

Fascicle e

(wrapped by
penmysium}

Copyright @ 2001 Banjamin Cummings. an imprnt of Addison Weslay Longman, Ibc.




CONNECTIVE TISS

— Containment

— Limit of expansion of the muscle

— Transmission of muscular forces

— Endomysium — around each muscle cell (fiber)

— Perimysium — around and among the primary
bundles of muscle cells

— Epimysium — dense irregular collagen c.t., @ (| Em\m |
Euncichs Blood W SILETY

continuous with tendons and fascia ppmay Yo
parimysium
Cogrgragi @ 2007 Benjarmin Cumimigs. an mpanl of Addesdon Wedksy Longman, Inc,

Mucha libar
{cadl)

— Fascia — dense regular collagen c.t.

-mysiums

{connechve tissue coats of a skeletal musche)

o skeletal muscle fiber % "o re




CONNECTIVE TISS

tendon’s
extracellular
matrix
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STRUCTURE

— morphological and functional unit: muscle fiber (rhabdomyocyte) — elongated,
cylindrical-shaped, multinucleated cell (syncytium)

— nuclei are located at the periphery (under sarcolemma)
— myofibrils show cross striation
— diameter of muscle fiber: 25-100 um

— length: millimeters - centimeters (up to 15)




CLASSIFICATION OF

e Myosin heavy chain (MHC) type | and Il

- ATPase activity

* Twitch type

- Fast vs. slow

* Fiber color

- Red vs. white

* Myoglobin content
* Glycogen content
* Energy metabolism

* Endurance




CLASSIFICATION OF

Properties Type | fibers Type lIA fibers Type IIX fibers
Motor Unit Type Slow Oxidative (SO) Fast Oxidative/Glycolytic (FOG) Fast Glycolytic (FG)
Twitch Speed Slow Fast Fast
Twitch Force Small Medium Large
Resistance to fatigue High High Low
Glycogen Content Low High High
Capillary Supply Rich Rich Poor
Myoglobin High High Low
Red Color Dark Dark Pale
Mitochondrial density High High Low
Capillary density High Intermediate Low
Oxidative Enzyme Capacity High Intermediate-high Low
Z-Line Width Intermediate Wide Narrow
Alkaline ATPase Activity Low High High

Acidic ATPase Activity High Medium-high Low



ULTRASTRUCTUR

Muscle fiber = myofiber = syncitium = rhabdomyocyte

Muscle fiber — morphological and functional unit of skeletal muscle [ 25 — 100 um]
Myofibrils — compartment of fiber sarcoplasm [ 0.5 — 1.5 um]
Sarcomere — the smallest contractile unit [2.5 um], serial arrangement in myofibrils

Myofilaments — actin and myosin, are organized into sarcomeres [@ 8 and 15 nm]

Nucleus
Sarcoplasm

Sarcolemma

Muscle Fiber
l be Thick Filament

(thick pink line)

One Sacromere Thin Filament
|- S | / (thin grey line}

Filament(s)

Fascicle

Striations g |

I band Aband I band
(to mext thick filament) (to next thick filament)




ULTRASTRUCTU

Sarcolemma + t-tubules,

=» T-tubule
=P terminal cisterna
€ mitochondria

Sarcoplasm:

Nuclei,
Mitochondria,

Golgi apparatus,
Glycogen (3 granules) sarcolemma
Sarcoplasmic reticulum Yo [
(smooth ER) — reservoir of |y 1 L
Ca2+ !

Myofibrils (parallel to the

_ myofibrils
length of the muscle fiber)

3 9 Triad 4 4 5 tubules + cisternae of sER



MYOFIBRILS

— elongated structures [@ 0.5 — 1.5 u] in sarcoplasm of muscle
fiber oriented in parallel to the length of the fiber,

Muscle fiber or cell Ti'a nsverse
sections

Myofibril #%

: Z line
Z line

sarcomere

— Actin + myosin myofilaments

— Sarcomere

— Z-line N A, L
. il SN R ol

— M-line and H-zone °® ol I li" A | i

~ I-band, A-band o iiTe i | Hzone line

Aband
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MYOFIBRILS
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SARCOMERE

Sarcolemma

Bl P e — (i
e — il ——

Mitochondrion

L] { | n
AAIAAAUIRAN 'y
g & 1
(b) Dark Light Nucleus e ™
Aband |band ____.--“ “-».“
-=" Zdisc H zone Z disc ™

Thin (actin) filament

Thick (myosin) filament

Copyrght & 2004 Pearson Educabion, Ine., publishing as Banjame Cummings.



SARCOMERE

Thick filarments
(myosin)
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SARCOMERE
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SARCOPLASMIC
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» Terminal cistern

 T-tubule >TRIAD
 Terminal cistern
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* communicating intracellular cavities around myofibrils, separated from cytosol
* terminal cisternae (“junction”) and longitudinal tubules (“L” system).
* reservoir of Ca'*ions

T-tubules (“T” system ) are invaginations of sarcoplasm and bring action potential
to terminal cisternae change permeability of membrane for Ca'"* ions



SARCOPLASM
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ULTRASTRUCTU

Glial Cell

Sarcolemma

Motor End
Plate

-~ Synaptic
esicles

Sarcoplasmi
Reticulum

Terminal =
Cisterna S

Transverse <_|
Tubules

Sarcolemma R4 .
Myelin
Sheath

Axon of
Motor Neuron

il Tdo Savalli



THIN MYOFILAME

 Fibrilar actin (F-actin), (J 7 nm, <1 um)

bou
o

G-actin |

‘—ATP-bFnding pocket

Gelsnlm

ARP2/3— )
Positive _ -
end

F-actin

» Tropomyosin — thin double helix in groove of actin double helix, spans 7 monomers
of G-actin

« Troponin — complex of 3 globular proteins
« TnT (Troponin T) — binds tropomyosin
« TnC (Troponin C) — binds calcium
« Tnl (Troponin |) inhibits interaction between thick

and thin filaments

Head-to-tail
overlap



THICK MYOFILAME

* Myosin Il
- Large polypeptide, golf stick shape, (< 15 nm, <>1,5 um) actin Light
: : : binding C€hains
- Bundles of myosin molecules form thick myofilament TP site (Li+L2)
Heavy \f - f&t.:l:ptor
Light meromyosin
meromyosin (HMM) /
, —— (LMM) S-1
o v Vo — -~ = 4 v v _ 0% (Globular)
N S-2
H R N (Rod-like)
o) gl I
zi Heav;'ghains
* Nebulin
- 600-900kDa z z
- F-actinu stabilization Nebulin

* Titin
- >MDa
- Myosin Il stabilization
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MYOFILAMENTS ASSE

— Propagation of action potential (depolarization) via T-tubule (=
invagination of sarcolemma)

— Change of terminal cisternae permeability — releasing of Ca* ions
increases their concentration in sarcoplasm

— Myosin binds actin - sarcomera then shortens by sliding movement —
contraction

— Relaxation: repolarization, decreasing of Ca%* ions concentration,
inactivation of binding sites of actin for myosin

The Crose Bridge Cycle. (anly ane myosin head is shown for clarty]

myosin

H IEE |EI‘TIE-' [: j— ; j— —— j—
”'?533 ) - ) - oo )
birid _...

e attanﬁ' sﬂe : Btac fRCOYEY

thi filaim ert

actin ADP+P ATF

The Rowing Cycle

3 in pull ‘ out push



MECHANISM OF CON

Impulse along motor neuron axon

Depolarization of presynpatic membrane (Na* influx)
Synaptic vesicles fuse with presynaptic membrane
Acetylcholine exocyted to synaptic cleft
Acetylcholine diffuses over synaptic cleft
Acetylcholine binds to receptors in postsynaptic membrane
Depolarization of postsynaptic membrane and sarcolemma (Na* influx)
T-tubules depolarization

Depolarization of terminal cisternae of seR

10. Depolarization of complete sER

11. Release of Ca'"* from sER to sarcoplasm

12. Ca'"* binds TnC

13. Troponin complex changes configuration

14. Tropomyosin removed from actin-myosin binding sites
15. Globular parts of myosin bind to actin

16. ATPase in globular parts of myosin activated

17. Energy generated from ATP—ADP + Pi

18. Movement of globular parts of myosin

19. Actin myofilament drag to the center of sarcomere

20. Sarcomeres contract (H-zone, I-band shorten)

21. Myofibrils contracted

22. Muscle fiber contracted

OO NOUEWNPRE

HEUROMUSCULAR JUMCTION




MECHANISM OF CO

http://highered.mheducation.com/sites/0072495855/student_view0/chapter10/animati
on__breakdown_of atp _and_cross-bridge_movement_during_muscle_contraction.html


http://highered.mheducation.com/sites/0072495855/student_view0/chapter10/animation__breakdown_of_atp_and_cross-bridge_movement_during_muscle_contraction.html

NEUROMUSCUL

Motor neuron

Action
potential

Axonal terminal

Sarcolemma

1 Myelinated axons
2 Neuromuscular junction
3 Capillaries

Myofibrils )
4 Muscle fiber nucleus

Copyrght @ 2007 Bargamin Curmmings, an imprnd of Addison Weslay Longman, Ine.
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NEUROMUSCU

Voltage- gated
Na* channel
@ A i Voltas-patd

&, Ca® channel

Membrane is \
reclaimed as

f clathrin coated
vesucie

acetyltransferase

" Synaptic
vesicle

Synaptic
cleft

A Acetylcholine

receptors



NEUROMUSCULA

MYASTHENIA GRAVIS
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Curare

Synaptic vesicle

Synaptic knab

| Presynaptic membrane |

|Postsynaptic membrane

{J Curare ‘
@ MNa'

' Mitochondrion

-— Synaptic cleft

Protein receptor |
N e

'Acetylc:hnlinesterase




NEUROMUSCULA

Botulotoxin

Clostridium botulinum \'; <




COSTAMERES

Structural components linking myofibrils to sarcolemma
* Circumferential alignment

* dystrophin-associated glycoprotein (DAG) complex

* links internal cytoskelet to ECM

* Integrity of muscle fiber

Myofibrils




COSTAMERES

Connective tissue or other myofibres
Sarcolemma

[{cell membrane)
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COSTAMERES

2 Laminin 2

Extracellular matrix Sarcoglycan
complex

Sarcolemma

SLy Bl

Sarcospan | _ N
Cytoplasm : O. .....
.... nNOS binding sites

Syntrophins

a-Dystrobrevin

Dystrophin

Nature Reviews | Genetics



COSTAMERES
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COSTAMERES

m
basal lamina
cell membrane

-
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merosin = laminin -2 (o2, B1, y1)
a7

B a7 |integrin| [
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{) tensin
&
CHS

sg = sarcoglycan
dg = dystroglycan
bg = biglycan

syn = syntrophin

F-actin




COSTAMERES

DUCHENNE MUSCULAR DYSTROPHY

Partially functional Dystrophin protein is produced
— _____‘_‘-h—.__\_\_‘
- W—K%E_arge deletion, but reading frame is left mg:ﬁ* ket

e c (mild)

NMD degrades frameshifted transcript

-

Small deletion, but reading frame is changed

Duchenne
{severe)

— Lane 1: Becker dystrophy; Dystrophin has reduced abundance but normal size.
Lane 2: Becker dystrophy; Dystrophin has reduced size and abundance.
Lane 3: Normal; Dystrophin has normal size and amount.
Lane 4: Duchenne dystrophy; Almost no protein is present.

http://neuromuscular.wustl.edu/pathol/dmdpath.htm



COSTAMERES

Healthy tathar  Haealthy mathér
=t

M
RN

Xy XX 8t Xy
Heslthy son Healthy daughiar Healthy daughier  Son with Duchanna
{mencarriar| tearrier) Muscular Dystrophy
({CHAD)
0 5 10 15 20 25 30

| |
 Walking problems |

Wheel chair - skeletal deformity

| Very limited use of arms

| Ventilation 24hrs

|
| Ventilation at night |
|
|

| Death

DMD patient age




MUSCLE TISSUE

CARDIAC MUSCLE TISSUE
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HISTOLOGY OF CA

« made up of long branched fiber (cells) — cardiomyocytes,

« cardiomyocytes are cylindrical cells, branched on one or both ends (Y, X
shaped cells),

« sarcoplasm: single nucleus in the center of cell, striated myofibrils, numerous
mitochondria,

 cells are attached to one another by end-to-end junctions — intercalated discs.




HISTOLOGY

chains of cardiomyocytes blood capillary with erythrocytes
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ULTRASTRUCTURE
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CARDIAC MUSCLE COMP

— no triads, but diads: 1 t-tubule + 1 cisterna

— t-tubules around the sarcomeres at the Z lines rather than at the zone of overlap
— sarcoplasmic reticulum via its tubules contact sarcolemma as well as the t-tubules
— cardiac muscle cells are totally dependent on aerobic metabolism to obtain the energy

— large numbers of mitochondria in sarcoplasm and abundant reserves of myoglobin (to
store oxygen)

— abundant glycogen and lipid inclusions




INTERCALAT

. . intercalated disc 2 disc
— fasciae adherentes (adhesion of cells) |

. i ; gl e S
— nexus (quick intercellular communication — e e = %r—_:
. . . —— ='_-_ "1 =_=_n—__-"

transport of ions, electric impulses, p— ' e G @
: : e e
information) e — =

. “« e “ 1-.* PR apianen, .-
— ,scalariform” shape of cell ends et 4—:—_;:! e
=S e p E=

m— """"“"":-:-:#w o

Al e

s ), AT U :-:'.'f

intercalated disc
Z dise CELL2

mitochondria

W ¥ 000 L

a“ ,

2 I- I'.
il

v

%
¥
i
v

Fasciae adherens

Plasma membranes of adjacent Desmosome
cardiac muscle fibers

[P TRRTERAN A — Intercalated disc



INTERCALATE

Fascia Desmosome Gap junctions
adherens

Intercalated disc: nexus fascia adherens



MYOFIBRILS IN

e Actin + myosin myofilaments

Sarcomere

e Z-line

M-line and H-zone
I-band, A-band

T-tubule + 1 cisterna = diad (around Z-line)

<+— A-band ——» M-Iiine <— |-band —

; i & -_.-.

Z-disc «—— Sarcomere ——» Z-disc




MYOFIBRILS IN CAR

SARCOLEMMA-_ j,-T-TUEULE

MITOCHONDRION
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ULTRASTRUCTURE OF CARDIOMYOC




SPECIALIZE

AV bundle

B chnode AW rode
| [bundle of His)

PURKINJE FIBERS

L:Ikinie‘sﬂbers

— are located in the inner layer of heart
ventricle wall

— are specialized cells fibers that conduct an
electrical stimuli or impulses that enables
the heart to contract in a coordinated
fashion

— numerous sodium ion channels and

mitochondria, fewer myofibrils

JaK EX PURKYNE



http://upload.wikimedia.org/wikipedia/commons/3/31/Purkinje_fibers.jpg
http://upload.wikimedia.org/wikipedia/commons/3/31/Purkinje_fibers.jpg

SPECIALIZED CARD

ATRIAL CARDIOMYOCYTES

* Natriuretic peptide A (ANP)
e atrial cardiomyocytes
* vasodilatation, diuresis
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MUSCLE TISSU
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SMOOTH MUSCLE TISS

* Cells — leiomyocytes - form layers - eg. in walls of hollow organs
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SMOOTH MUSCLE T

* spindle shaped cells (leiomyocytes) with myofilaments not arranged into myofibrils (no
striation), 1 nucleus in the centre of the cell

* myofilaments form bands throughout the cell

 actin filaments attach to the sarcolemma by focal adhesions or to the dense bodies
substituting Z-lines in sarcoplasm

 sarcoplasmic reticulum forms only tubules, Ca'* ions are transported to the cell via
pinocytic vesicles

* zonulae occludentes and nexuses connect cells

e calmodulin




CAVEOLS

* caveolae are equivalent to t-tubules
* transmembrane ion channels

Caveaoli

Wi i e
i ], 1 %o ]

Sarcoplasmic
reticulum




CAVEOLS

caveolae of
endothelial cell

lumen of arteriole (involved in transendothelial transport)
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CONTRACTIO
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Contracted smooth muscle cell



INNERVATION

Synapses — Nerve fibers

Multiunit Smooth Muscle

Varicosities

Nerve fiber

Single-unit Smooth Muscle



CONTRACTION O

© Brooks/Cole - Thomson Leaming

ATP o
ADP Dn

Inactive myosin ]

[Inav:tlw myosin kinase

[ Phosphorylated myosin ]

ECF Ca®
{can bind with actin)

 Barcoplasmic —
reticulum Intracellular Ca#
= . & concentrations increase SEOER AR Sioaletal muscle
ﬂ when Ca® enters cell
Ca and is released from Musclhe axcitation Murseit saciiation
H sarcoplasmic reticulum. ; 1
b ?Ea’ iniduh oot Il bl et P oS
* binds to ¥
calmodulin (CaM). il S )
Inactive —— i l
aduisic Ca?*—calmodulin e o A e Phwysical repasitioning of
Active activates myosin light bropeAin and froparmyasin
ATP MLCK o chain kinase (MLC i 1
m o1 - i.hm\urlpq.u! I
ﬂ ADP + MLCK phosphorylates e Nt e Suyieg Wi o otk
light chains in myasin
Inactive myosin Ive myosin heads and increases l 1
ATPase myosin ATPase activity.
Binding of actin and myoein Binding of actin and myosin
— al cross bridges o cross bridges
Active myosin l l
crossbridges elide
along actin and create Contraction Contraction

muscle tension.

0 EvoskarCile - Thismsan Luamisg



SMOOTH MUSC

Inactive state
(light chains not phosphorylated)

4 Myosin light chains

Myosin
heavy chains

L)

Myosin light |~ ap
chain kinase \)
ap
Active state

(light chains phosphorylate

Actin-binding

site

N Myosin talil
released



SUMMARY

triads

Cells Thick, long, cylindrical, | Branched, cylindrical Small, spindle-
non-branched shaped

Nuclei Abundant, peripherally | 1-2, centrally 1, centrally

Filaments ratio 6:1 6:1 12:1

(thin:thick)

SER and Regular sER around Less regular sER, Less regular sER,

myofibrils myofibrils myofibrils less myofibrils not
apparent developed

T tubules Between A-l band, Z lines, diads Not developed

Motor end plate

Present

Not present

Not present

Motor regulation

Voluntary control

No voluntary control

No voluntary control

Other

Bundles, c.t.

Intercalated discs

Caveoli, overlapping
cells




EMBRYONIC DEVELOP




EMBRYONIC D

Meural crest

Dorsal medial
lip
)
"
et

}:,1‘ WintTa

«F

' e
5

SR A "
i

Y syndetome

Ventrolateral lip

TRENDS In Cell Biology




EMBRYONIC DEVEL

Midline

Early somite

Dorsal

Claudal A Claudal

f' Medial Lateral

CSH

PERSPECTIVES

Limb bud

Rostral i)



LIMB MUSCLES

Dermomyotome

158
Forelimb
level
20s
Trunk
25s . i I
ypaxia
Hindlimb - |
level
1t
30\ B/ -
Skeletal muscles
Mesenchymal
differentiation to
constituent tissues
Zone of
preliferation

ra

Apical ectodermal
ridge

Zone of
polarisating activity




TRUNK MUSCLES

Witd
o ) 2 Wit
SE Wni7a

Claudal

Claudal

Medial Lateral

ectoderm Hluboké zadové svaly

neural crest

Spinokostalni svaly

Povrchové vrstvy zadovych svalt —
koncetinovy putvod

Mezizeberni svaly



[72)
Ll
-
O
(2]
-
=
X
<
=
14
-

Deep intervertebral

muscles

€b]
"4 7p]
: 2 &
QO
£ SN mn
“— 5 = —
O me.la
v oS ©C
= =
D - g = Q
& W= @B,
mmw = O
e
QDO
_
O
-

g
S
e

Tt
&

Hypaxial
muscles

e

g T oy

2
.

i
o

«;.“sn»,‘».a
o b
At

Three layers

of abdominal
muscles

Rectus

inis

muscle

abdom




PRUNE BELLY SYN

*\/ - Vertebral anomalies

* Absence of abdominal muscles *A - Anorectal malformations
: : L : +C - Cardiovascular anomalies
[ ]
Failure of hypaxial spe-C|f|cat|on- | T - Tracheoesophageal fistula
 VACTERL and aneuploidy association *E - Esophageal atresia

R - Renal (Kidney) and/or radial anomalies
L - Limb defects




EMBRYONIC DEV

< &«
1
A Embryonic

\\progenitors

Y Satellite
AW~
~. stem cells .
A N .~ Committed
b2l =) \ satellite cells
w ~ e T e e
~ b
% S 5
c TR ~_ Myoblasts
: : SR Ml
& ke 3 _ 5 B
m = o = b
= = = £ <. Myocytes
2 5 & B Early ~ "TTT@g~~<_  Myotubes/myofibers
n O .- @ differentiation diflorentiation:= =

S | —

Y

Lineage progression



REGENERATION

il

Myonucleds

~

Basal lamina

Biood vessal

Meitor
nauron

G

-
i

=

p—

-E-_-_‘.‘E
e

Myoblasts
Satellite cell Myoblasts fuse
| to form a skeletal
§ — muscle fiber
-y
it
Satellite cell
Muscle fiber

e == T



REGENERATION

Embriopic Satellite cell Myoblast  Myocyte Myotube
Progenitor . .
Quiescent Commited

o &g

Pax3* Pax7* Pax7*

Desmin*

Pax7* Myf5* :n?g: MyoD* MyH*
MyoD"* Myogenin a-actinin




DIFFERENTIATI

Adult cells ?

& Genes inserted to
induce reprogramming
Octd, KIf4, Sox2, c-Myc

v

Reprogram into
ES like-cells

52 iPS cells







TISSUE ENGINEERIN

Pacemaker
system

Mesoglea

e ——

Swimming muscle
e @
L
£ .
oW P e

lellyfish
T
Aranozay

Anisotropic muscle  Lobed bell

Elastomer

b Engineered muscle =
=] e g w B
EL U e L]
= T o o 2
= 55 ==
ci & o 3
= = e -,

Field

stirnulation

_ . https://www.nature.com/news/artificial-
https://www.nature.com/articles/nbt.2269 jellyfish-built-from-rat-cells-1.11046



THANK YOU FOR ATTENTION

pvanhara@med.muni.cz
http://www.med.muni.cz/histology




